Introduction
Wind turbine wakes can cause energy losses in wind farms [1] and their effect needs to be modeled in order to design energy efficient wind farm layouts [2] . Wake losses in offshore wind farms are often modeled by assuming offshore conditions for all wind directions [3, 4, 5, 6, 7] ; however, many offshore wind farms are build in the vicinity of a coastline. Dörenkämper et al. [8] used Large Eddy Simulations (LES) of an offshore wind farm to show that a varying distance between the coast and a wind farm can have a large influence on the wind turbine power. In addition, coastal effects are clearly visible in measurements of wind turbine power (Supervisory Control and Data Acquisition [SCADA]) of the Danish Anholt offshore wind farm [9] . For westerly and south westerly winds, the distance from the coastline (Danish Peninsula Djursland) to the Anholt wind farm varies between 15 and 50 km. This causes a horizontal wind speed gradient that results in a variation of wind turbine power along the north-south oriented rows, which is clearly visible in the measurements.
The effect of wind turbine wakes can be modeled with different levels of model fidelity [10] , ranging from simple engineering wake models up to high fidelity Computational Fluid Dynamics (CFD), e.g. LES. In previous work, we have shown that Reynolds-averaged Navier-Stokes (RANS) simulations of wind turbine wake interaction in a neutral atmospheric surface layer can predict power deficits that compare well with LES [11] and SCADA measurements [7] , if a proper turbulence model is used [12] . In this study, we want to investigate if the effect of the Djursland coastline on the Anholt offshore wind farm can be modeled by a RANS setup. The main model challenge is how to model the inflow of the Anholt wind farm including the horizontal wind speed gradient. In the LES of Dörenkämper et al. [8] this model challenge was handled by selecting an inflow profile from a library of precursor simulations representing different distances to the coast. In the current article, we can afford to include the coastline in [13] . In addition, the horizontal wind speed gradient derived from the SCADA measurements using the official power curve is also compared with RANS. Finally, the simulated power deficits from RANS (including the coastal effects) are validated with the SCADA measurements. The Anholt offshore wind farm test case is presented in Section 2. The methodology of the RANS simulations are described in Section 3. The comparison of the RANS simulations with the mesoscale simulations and SCADA measurements is discussed in Section 4. wind farm is located in the Kattegat Strait, 15 km east of the Djursland Peninsula, and it fits in a rectangular box of 12 km by 22 km. Anholt consists of 111 Siemens 3.6 MW wind turbines with a rotor diameter and hub height of 120 and 81.6 m, respectively. The smallest distance between the wind turbines is 4.9 rotor diameters. For westerly wind directions, the distance from the Anholt wind farm to the coast varies between 15 and 50 km. In Figure 2 , a wind rose at the middle of the Anholt wind farm is extracted from WRF simulations of Denmark [13] , for the year 2014. The Anholt wind farm is affected by the wake of the Djursland Peninsula between 200-270 • , which is about 30% of the wind rose. We are interested in a wind direction sector where the distance of the coast to the Anholt wind farm strongly varies for the north-south rows, i.e. 240-270 • . DONG Energy has provided raw SCADA measurements of all wind turbines, measured for 2.5 years between 2013-01-01 and 2015-07-01. The SCADA measurements are filtered for a wind speed bin of 9 ± 1 m/s, where the reference wind speed is determined from the power of a group of 4 wind turbines using the official power curve. For the wind direction sectors 230-270 • , 270-280 • and 280-310 • , wind turbines A22-A25, A17-A20, A23-A26 are used to calculate the reference wind speed, respectively. The reference wind direction is determined from wind turbines A01, A16, A30, F29, P28 and P01 using yaw sensors that are calibrated with the peak deficit of neighboring wind turbines. One should keep in mind that it is difficult to obtain a global reference wind speed and wind direction for westerly wind directions because the inflow conditions vary in the north-south oriented rows. In addition, the SCADA measurements have been filtered for neutral and near-neutral atmospheric stability [14] using the WRF results.
Test case

Methodology
A brief description of the RANS setup is presented in this Section, while a full description can be found in previous work [15] . The RANS equations are solved in EllipSys3D, an incompressible flow solver developed at DTU Wind Energy [16, 17] . The turbulence is modeled by an alternative k-ε model that is suited to model wind turbines wakes (k-ε-f P model [12] ) and produces a finite boundary layer height by limiting the global turbulent length scale [18] . In addition, Coriolis forces are added to the momentum equations, which means that wind veer is also present in the flow domain. Only neutral atmospheric stability is considered. The effect of the coastline is modeled by roughness only and terrain heights are not modeled.
The numerical domain is plotted in Figure 3 , where every 16th grid line is shown. The domain has a size of 300×300×0.9 km 3 in x, y and z (height) direction, respectively. A green area is The modeled land roughness deviates from the real roughness for two reasons. In order to use periodic conditions at the boundaries at y = ±150 km, the coastline is changed to a vertical line at x = −78 km for 120 km < y < −90 km. In addition, the land roughness area is 100 km extended upstream (in x direction), up to x = −178 km. A sea roughness is used in the first 12 km of domain such that the roughness at inlet boundary condition (BC) (x = −190 km) is in balance with the roughness at the outlet BC (x = 110 km), where fully developed conditions are assumed. If land roughness would be used at the inlet, the inlet Atmospheric Boundary Layer (ABL) profile based on land roughness would not develop to an ABL profile based on sea roughness (calculated by a precursor simulation based on sea roughness), after the roughness change, for x → ∞, because of mass conservation. To illustrate this issue, a RANS simulation of a 100 km long domain has been carried out, where the first 20 km is land roughness and the remaining 80 km is based on sea roughness. The inlet profile is based on a precursor simulation with land roughness. In Figure 4 , the ABL profiles at three downstream distances are compared with the precursor profiles based on land and sea roughnesses. Figure 4 shows that the ABL profile from the inlet does not develop to the precursor profile based on the sea roughness because the total mass flow of the land profile does not match the total mass flow of sea profile. The inlet profiles that are applied to the inlet BC are calculated with a precursor simulation using a geostrophic wind of 10.5 m/s, the sea roughness (10 −4 m), a Coriolis parameter of f c = 1.22 × 10 −4 1/s (latitude of 56.6 • ) and a maximum turbulent length scale of t,max = 0.00027 G fc = 23.3 m, following Blackadar [19] . The results of the precursor simulation are shown in Figure 5 , where the bottom figures are zoomed views of the top figures. Note that we do not use the additional max limiter on ε that we have used in previous work [15] to avoid an overshoot in the turbulent length scale because its effect is negligible. The other BCs in the numerical domain of Figure 3 are a wall boundary at z = 0 suited to satisfy a logarithmic profile [20] and a symmetric BC at the z = 0.9 km is applied. Ideally, one would prefer to use a taller domain height; however, the combination of the large domain with roughness changes and an ABL profile with low eddy viscosity above the ABL height (z ≈ 1 km) can result in numerical instabilities. When a low domain height of 0.9 km is used, these numerical instabilities disappear.
In Figure 3 , red and blue rectangles indicate regions where a uniform horizontal spacing of 600 m and 15 m is applied, respectively. Around the blue rectangle, the grid spacing grows outwards from 15 m to 600 m with a grow ratio of approximately 1.2. A spacing of 15 m, or D/8, is based on grid study of a single wind turbine wake [12] . The 600 m (5D) spacing is based on a grid study presented in Section 4.1. The total amount of cells is 120 million. Without modeling the coastline the total amount of cells would be around 100 million, which means that the coastline adds 20% of cells to the grid. The first cell height is set to 0.05 m.
The wind turbines are modeled as actuator disks [21] with variable forcing, where a fixed force distribution is scaled by the disk averaged velocity and a thrust coefficient that is function of the disk averaged velocity [11] . Figure 6 shows the wind speed at row A calculated by RANS and WRF (both without the wind farm present in the simulations). The WRF data is binned in 10 degree bins at the location of wind turbine A15 and it is extracted from the same period as the SCADA measurements. The WRF data is filtered for neutral conditions, where only data points with a Monin Obukhov length larger than 500 m are kept. The Monin Obukhov length is calculated at the first cell located at 14 m. Note that the WRF data is not filtered for wind speed because the number of data points becomes too small if wind speed filtering is applied. The RANS results are made a follows. First a parametric run of 41 different freestream wind directions between 245 • and 285 • with an interval of 1 • is carried out, without the wind farm present in the flow domain. Secondly, the wind direction at the location of wind turbine A15 is probed and it is used to bin all RANS simulations in 10 • intervals from which a linear bin average is calculated. The re-binning is necessary because the freestream wind direction at the inlet changes downstream due to the interaction of two roughness changes with the Coriolis forces (sea → land → sea, while going from the inlet towards wind turbine A15). For example, the RANS simulation for a freestream wind direction of 285 • calculates a wind direction of 281 • at the location of wind turbine A15. Three RANS results are shown in Figure 6 that are made by three different horizontal spacings in the red rectangle from Figure 3 , namely 300 m, 600 m and 1200 m. Note that the finer spaced area in the blue rectangle from Figure 3 is not present in this grid sensitivity study. Figure 6 shows that there is only a small difference between a spacing of 1200 m and 600 m (mainly for the wind direction sectors 260 • ± 5 • and 270 • ± 5 • ), while there is no noticeable difference between a spacing of 600 m and 300 m. Therefore, a grid spacing of 600 m is sufficient to model the effect of the coastline.
Results and Discussion
Wind farm inflow conditions and grid sensitivity study
The measured trends in the horizontal wind speed gradient are reasonably well captured by the RANS and WRF models, although there are differences. The observed mean wind speed gradient in the SCADA measurements is larger than those calculated by RANS and WRF for 250 • ± 5 • and 260 • ± 5 • . For a wind direction of 275 • and larger, the wake of Djursland does not affect the wind farm, which is observed as a nearly flat curve for the wind direction bin 280 • ± 5 • in Figure 6 , for the RANS results and the SCADA measurements (where a small gradient is observed over the entire row A in the opposite direction). However, the WRF results still show a gradient for the same wind direction bin for wind turbines A1-A9. This indicates that the wake of Djursland is more wide spread in WRF compared to the RANS results and Figure 7 depicts wind speed contours at hub height calculated by RANS and WRF, for the wind direction bin 270 • ±5 • . The wind speed contours from WRF show a complex flow over land because a non uniform roughness is used. The speed up effects from the fjords is clearly visible in the RANS results, while is absent in the results from WRF, possibly because the WRF model is run with a horizontal resolution of 2 km. Overall, the comparison between RANS and WRF is difficult because RANS does not include any mesoscale effects (e.g. a varying geostrophic wind) and the WRF results are not filtered for wind speed. Figure 8 shows a comparison of the wind farm simulation from RANS with the SCADA measurements, for 4 wind directions bins of 10 • . The left two columns are contour plots of horizontal wind speed calculated by RANS. The right two columns are plots of wind turbine powers normalized by the power of wind turbine A15, where the most right plots are taken from the SCADA measurements. RANS simulation including the wind farm are carried out for every 5 • between 230 • and 290 • , where the wind direction is measured at the location of wind turbine A15. The RANS results (both wind speed contours and powers) are Gaussian averaged with a standard deviation of 5 • to represent the wind direction uncertainty in SCADA measurements [22] . Both the RANS results and SCADA measurements show a gradient in wind turbine power along the north-south rows that changes with wind direction. For the wind directions 250 • ± 5 • and 260 • ± 5 • , the gradient in wind turbine power along the wind turbine rows A26-A30 and F25-F29 is stronger in the SCADA measurements compared to the RANS simulations, which is also visible in Figure 6 . As a result, the downstream wind turbines of rows A26-A30 and F25-F29 also produce less power in the RANS simulations compared to the measurements. The wind turbine power from RANS compares well with the SCADA measurements for the other two wind direction bins 270 • ± 5 • and 280 • ± 5 • , where the influence of Djursland Peninsula is small. While we have shown that RANS setup can model the effect of a coastline on a offshore wind farm, the comparison of the RANS results with the SCADA measurements could be improved by changing the input parameters of the RANS simulations, such as the roughness length of the coastline and the maximum turbulent length scale. A higher roughness of the coastline would increase the horizontal wind speed gradient in the RANS simulations. Setting a lower maximum turbulent length scale (ignoring the relation of Blackadar [19] ) would result in a lower ABL height, a reduced eddy viscosity, and a higher wind shear and wind veer, that could affect the magnitude of the horizontal wind speed gradient.
Wake effects
Model challenges in RANS
In the current RANS setup, it is not possible to use a numerical domain with a height taller than 0.9 km due to numerical instabilities, as described in Section 3. Above the ABL height, a layer of low eddy viscosity exists, which can create numerical waves if the domain is tall enough to include this layer (> 0.9 km) and large enough in the horizontal dimensions. This problem needs to be solved because wind turbines wakes can be affected by the symmetric BC at the top of the domain if the domain height is shallow compared to the rotor diameter. One could possibly damp the fluctuations in the W velocity component with a source term in the W -momentum equation that is only active in the region above the ABL height.
Conclusions
A horizontal wind speed gradient along the north-south rows is observed in SCADA measurements of the Anholt wind farm for western wind directions. The wind speed gradient is caused by a varying distance of the coastline to the wind turbines. The effect of the coastline on the Anholt offshore wind farm is investigated by a RANS model that can simulate wind turbines wakes in a neutral ABL including Coriolis forces. The trends of the horizontal wind speed gradient at the wind farm is reasonably well captured by the RANS model compared to a WRF model and the SCADA measurements. The RANS modeled effect of the coastline on the wind turbines wakes and corresponding power deficits shows similar trends as the SCADA measurements, although a higher gradient in wind turbine power along the north-south rows is observed for the wind direction sectors 250 • ± 5 • and 260 • ± 5 • . The comparison could be improved by changing the input parameters of the RANS simulations. Overall, we shown that the RANS setup can model the effect of the coastline on the Anholt offshore wind farm.
The results from the RANS model are obtained using a large domain of 300×300 km 2 , with a relative low domain height of 0.9 km. It is preferred to use taller domains; however, numerical instabilities are observed for taller domains due to the low eddy viscosity region above the ABL height. This problem needs to be solved in order to improve the RANS setup.
